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Martian Topography Elevations: Data Processing

Final Technical Report NASA Grant NGR 05-003-43]

NASA Grant NGR 05-003-431 was awarded to the Space Sciences Laboratory,
University of California, Berkeley on the basis of proposal UCBSSL No. 385
(Revised). The'Princﬁpa} Investigator was Professor K. A. Anderson, lLaboratory
" Director; and the Project Director was Dr. R. A. Wells.

The funds were administered for the purposes of i) preparing a topographical
elevation contour map of Mars from all data sources available through 1969, in-
cluding ground-based radar and spectroscopic C02 pressure measurements and the
Mariners 6 and 7 pressure observations; and ii) of partially financing an expedi-
tion to Cerro Tololo Observatory, La Serena, Chi]e to obser.:: Mars by spectroscopic
methods in 1971 to provide additional pressure data for topsgraphic information.

© This repoft presents the final results and is comprised of the published
papers that appeared in the scientific literature as a result of funding from
" NGR 05-003-431. Funds were dispersed Pefore the project could be completed, and
2 renewal pfoposaT to continue the project was not re-funded; however, marginal
support was made available to the Project Director through the Space Sciences
Laboratory general operating funds of NASA for its continuation. This latter

funding has resulted in the preparation of a textbook, Morphology of the Planet

Mars by R. A. Wells, which 1ncorpbrates all of the fopographic information funded
by -NGR (05-003-431 as well as additional Earth-based data and the Mariner 9 obser-
vations obtained in‘j971-72. This text is currently in preparation at D. Reidel
Pub1ishing Company, Dordrecht, Holland with scheduled release date approximately
ﬁn the Summer of 1974. Although the work contains more than just the topographic
material referred to above, it can be considered an additional summary for

grant NGR 05~003-431.



Following is'al1ist of conference papers and lectures given by the

Project Director during the operation of NGR 05-003-431. Following that is a

list of the published papers based on NGR 05-003-431 funding. The last item in
that 1ist regards the Cerro Tololo results in (ii) of the preceeding page, but was
not co-authored by the Project Director— a credit line at the end of that paper
acknowledges the Project Director's contributions to the experiment. Since the
Project Director did not participate in the preparation of the Cerro Tololo paper,
it is accordingly not included with the papers given in this report— a discussion

of the results of this experiment can be found in Morphology of the Planet Mars.

Lectures & Conference Papers given by R. A. Wells {NGR 05-003-431; not included here)

1) "Topegraphy of Mars", Geolog. Soc. Amer., NASA sponsored Mars Symposium,

Washington, D. C,, Nov. 1-3 (1971).

2) "Martian Topography: Final Contour Map. from all Data Sources Through 19695,
| Amer. Astron. Soc., Div. Planetary Sci. Conference, Kona, Hawaii,
March 20-24 (1972); appears as an (abstract) by the same title in: Bull.
Amer. Astron. Soc., 4, 372 (1972). |

3) “Martian, Lunar, & Terrestrial Crustg: A Three-Dimensional Exercise in
Comparative Geophysics", Amer. Astron. Soc., Div. Planetary Sci. Conference,
Kona, Hawaii, March 20-24 (1972); appears as an (abstra;t) by the same title
in: Bull. Amer. Astron. Soc., 4, 374 (1972).

4) "Martian, Lunar, and Terrestrial Crusts: A 3-Dimensional Exercise in Comparative
Geophysics", NATO Advanced Studies Institute, Univ. Newcastle-upon-Tyne,
England, April 10-19 (1972); for published report see (5) in following

Tist.



§) "Results from Mariner 9 and Martian Topography", special seminar, Physique du

Systeme Solaire, Section d'Astrophysique, Observatoire de Paris, Meudon,

‘France, April 25 (1972).

Published Papers by R. A. Wells (NGR 05-003-431; included in this report):

1)

2)

3)

4)

“Analysis of Large-Scale Martian Topography Yariations— I: Data Preparation from
Earth-Based Radar, Farth-Based 002 Spectroscopy, and Mariners 6 and 7 CO2
Spectroscopy", Geophys. J. Roy. Astron. Soc., 27, 101 (1972).

\

"Relief-Darstellung der Marsoberfliche", (in German), Umschau, Zg) 293 (1972).

"TOMOFPASMA MAPCA NO AAHHBIM HA 3E MHBIX PAAMONOKAUNOHHBX U3MEPEHMIA W
N0 HABMOODAEMOMY C 3EMAM W C KOCMUYECKWUX ANMNAPATOB 'MAPUMEP-6 W 7!

MO rNOWE HUK coz"‘, (in Russian), Astron. Zhur., 49, 607 (1972).

"Mars: Are Observed White Clouds Composed of Water?", Nature, 238, 324 (1972).

"Martian, Lunar, and Terrestrial Crusts: A 3-Dimensional Exercise in Comparative

Geophysics", in Implications of Continental Drift to the Earth Sciences, vol. 2,

ed. by D. H. Tarling and S. K. Runcorn, 1099, Academic Press, London (1973).

A detailed discussion of Earth-based and Mariner spacecraft observations of Mars

can be found in (preliminary announcement only, included here}:

6) Morphology of the Planet Mars, R. A. Wells, D. Reidel Publ. Co., Dordrecht,

Holland, in preparation (1974).

The results of the Cerrc Tololo CO, mapping experiment was issued as (not included here): -

7) T. D. Parkinson and D. M. Hunten, "C02 Distribution on Mars", Icarus, 18, 29 (1973).



Geophys. J. R. astr. Soc. (1972) 27, 101-133.

Analysis of Large-Scale
Martian Topography Variations—I

Data Preparation from Earth-Based Radar, Earth-Based CO, Spectroscopy, aud
Mariners ¢ and 7 C{O, Spectroscopy

R. A, Wells

(Received 1971 Ruly 23}

Summary

Four series of investigations have produced data on Martian topographical
variations at spatial resolutions ranging from about 100 to 1000 km. These
experiments were based on the two independent techniques: direct radar
ranging of surface heights on Mars and spectrophotometric observations
of absorptions produced by CO, molecules in the Martian atmosphere.

Primary problems associated with the preparation of a systematic
distribution of surface heights from the four data sets involve the
determination of a zero altitude level common to all sources and the
reorganization of the data points onto a regular grid network. The resulis
of this data combination process are the production of a surface height
contour map and the preparation of a table of surface heights spaced on a

 5°x5° grid interval. Only the contour map and difficulties associated
with the data preparation are presented with this article; the 5°-grid data
form a part of a more detailed analysis of Martian height variations which
will follow in a second paper. o

Briefly, Mars possesses unexpectedly pronounced topography which can
have important geophysical ¢onsequences. The contour map of Mars
clearly reveals a structural complex of blocks and basins whose distribution
enhances the magnitude of low-degree surface harmonics.

1. Introduction

The planet Mars has long been the target of many kinds of astronomical
observations. Of all the bodies in the solar system, Mars possesses unique observa-
tional characteristics. Its periodic close approaches to the Earth permit relatively
high-resolution ground-based studies to be made: its atmosphere, sufficiently dense
for spectroscopic observations, is nevertheless thin and clear enough to enable
features on the surface to be seen. As a relatively large member of the * terrestrial ’
group of planets with two moons, it also presents the possibility of having responded
to highly interesting geodynamical processes.

A comprehensive knowledge of the topographical relief at all scales on Mars is
fundamental in the continued observational and theoretical exploration of the planet.
Such information on large scales bears not only on the shape of the surface itself,
but also on the relationships with stress/strain effects in the outer crustal layers, the
state of the interior of the planet, and influences on dynamical motions in the

101



102 . R. A. Wells

atmosphere. Smaller-scaled relief provides data on environmental processes such as
regional structuring, localized weather effects, and mass transport of various
atmospheric constituents near ground level. All of these phenomena can affect the
choices of landing sites for future spacecraft missions. Many facets of scientific
interest would thus be served by a more precise morphological definition of the
Martian surface, ‘

Large-scale relief measurements, with which this report is concerned, have been'
derived from two theoretically independent techniques. One is radar ranging, in which
surface heights at the Martian sub-Earth points are directly related to delays in
returning tadar echos; and the other, high-resolution CO, spectroscopy, in which
the abundance of CO, in vertical columns above spatially limited areas is deduced
from absorptions in particular CO, bands. The abundance determination provides a
value for the surface pressure of CO, which can be converted to a surface altitude
above some zero upon adoption of a particular atmospheric model.

Since 1967 these two techniques have been utilized by four diverse groups of
investigators. These sources are: (1) the 1967 radar measurements by Pettengill
et al. (1969), and the 1969 radar determinations by Rogers et al. (1970) using the
Haystack facility; (2) the 1969 radar measurements by Goldstein et al. ( 1970) using
the JPL Goldstone antenna; (3) the ground-based CO, measurements made at the
Kitt Peak National Observatory by Belton & Hunten (1969, 1971) and Wells (1569a);
and (4) the Mariner 6 and 7 CO, observations of Herr ez al. (1970). In addition,
data from the UV experiment on Mariners 6 and 7 were utilized to deduce surface
heights from pressures calculated from UV albedos (Barth & Hord 1971). However,
since this method can be strongly influenced by localized brightness variations
caused by fluctuating aerosol distributions in the atmosphere, no attempts were
made to include these data in this analysis. (Since this report went to press these
data have been finalized and will be included in Paper I1.)

This paper presents a combination of the above data sources into a homogeneous
system of surface heights. Each source is treated under the separate headings 2-5:
the preparation of the combined regular array of data is given in Section 6; and some
discussion of results are given in the final Section 7. A more detailed accounting of
results is deferred to Part IT of this paper which will separately treat a harmonic
analysis on the data discussed here.

2. The 1967 and 1969 Haystack Radar Data

The most extensive radar observations of Mars are those of Pettengill ef al. (1969)
and Rogers et al. (1970). The altitude determinations are limited to the Martian
sub-Earth points which varied from approximately 0° to about 22° N latitude during
the course of observations over two apparitions (1967 and 1969) of Mars. The
distribution of points is shown on a Mercator projection representing the surface
of Mars with co-ordinates in the astronomical sense of South at the top and longitude
increasing from 0° to 360° towards the West, Fig. 1. The data table used in this paper
is that found in the special report issued by the Lincoln Laboratory (Rogers ef al.,
1970). This table combines both the 1967 and 1969 observations; however, for the
1967 data the latitude of each point is listed at a constant 22°N. To find the actual
variation, reference was made to Pettengill e al. (1969) for observation times from
which the Martian sub-Farth points could becalculated.

Instrumental and geometrical parameters defined the spatial resolution of the
series of observations to be a circle on the surface of Mars of about 300 km diameter
centred at each point. Inthe smoothing procedure which placed the uneven distribution
of data shown in Fig. 1 onto' a regular grid, this resolution limit was incteased to about
1000 km (as was each of the subsequent data sources) to match that of the ground-
based CO, measurements, the lowest resolution of all the data groups.
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104 * ‘R, A. Wells
The basic smoothing equation is simply:

S(zenp [ (M v}

Z= (1

e[~ (2200 w)

where the weighted mean height Z is calculated from each height z; after filtering by a
circular Gaussian function and an appropriate weighting function w, The two-
dimensional Gaussian function was chosen so that at the resolution limit (a circle of
9° radius; 18° =~ 1000km) its valve equalled l/e; hence, ¢ = 40-5 (deg®). The
distance in degrees, r;, from the grid interval to each datum within the 9°-radius circle
was calculated by spherical trigonometry. o

For these particular radar data, the weighting function w; was calculated from the
standard deviations, p,, of the altitudes listed in the tables. A check was made to
insure a random distribution of p;, which would avoid preferential weighting, Fig. 2.
Since this is the case, then w, = p,~ 2.

The distribution of data points was such that a 5° x 5° regular grid of values could
be calculated from equation (1). Since it was desirable to obtain a measure of the
accuracy of the smoothing process, weighted mean standard deviations were calculated
for each grid point from ' ’

L @z e - (200w

= - .
(n—-1) ? {‘?XD [—r?/2a%)] wi}

@

At least three data points were constrained to be located within a resolution circle
- before a Z or § could be calculated, In general, the resolution circles were well
populated except in a few places near the northern or southern extremes of the scans.

The purpose of calculating 5 is twofold. Firstly, the values can be contoured
and the relationship of the degree of accuracy in the smoothing operation can be
easily followed from area to area. Second, the values of § are in consistent units
between the four data sets and can therefore be used as wei ghting factors in the final
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Fia. 2, A plot of the error range (sum of the absolute values of the + standard
deviation of each measurement) against altitude for the Haystack radar data. A
large portion of the 700 determinations had error ranges less than 1 km and are

left off the bottom edge of the diagram for clarity. The distribution is seen to be
random. -



Large-scale Martlan topography variations—I 105

combination process described in Section 6. (It will be noticed that the weighting
factors for the z, in each data group are different. Haystack radar: reciprocal variance
in km™2; Goldstone radar: reciprocal variance in se¢™2; ground-based CO, and
Mariner CO, data: reciprocal natural log of the airmass. The weighting factors for
the final combination, however, are reciprocal variances in km ™2 determined from &
and are the same type of number between the groups.)

The 700 data points shown in Fig. 1 generated a 5° x 5° grid of 438 values between
—35°§ and 25° N latitudes. These values were fed into a computer with a contouring
program which produced the height contours shown in Fig. 3. The distribution of 5 .
associated with these values is given in Fig. 4. '

The graph in the upper right corner represents the mean of the values of § averaged
over the latitudes for each longitude and aids in the reading of the contour map below.
Wherever a peak occurs in the graph or a concentration of concentric contour lines
drawn at regular intervals from 01 to 1-5km in O-1km steps. Large errors can
arise from poorly populated resolution circles which .contain data values of large
spread in standard deviations. Thus, Fig. 4 merely indicates areas where more
reliable data would have been desirable.

Although the values of § only range between 0-04 and 1-45km (0-13 to 0-72 km in
- the mean graph), the location of the peaks is of interest. They generally correspond

to elevated areas or slopes on Mars (cf. Fig. 3). At this stage in smoothing, this .
observation might depend on the possibility that fewer data points were obtained when
slopes and elevations were in the field of view than when flatter terrain was available
for measurement. Fig. 1 does not provide a definitive answer since there are both
many measurements of the slopes in Tharsis and also fewer determinations of the
eastern slope of Syrtis Major (4120° and 280°W, respectively; sce also Fig. 10).
However, another interpretation of these correlations in Fig. 4 is that slopes would
tend to distort the reflected radar signal more than flat areas. :

‘The radar data were originally reduced assuming a spherical planet. In actuoality,
Mars is an oblate spheroid with flattening somewhere between 0:012 and 0-005 (the
optical and dynamical determinations, respectively). Between the equator and the
extremes of the radar scans, the oblateness can cause a shift in the zero level of about

-2km relative to the mean spheroid. However, such small changes in the radius of the
planet would be very difficult to detect using radar methods. For example, Rogers
et al. (1970) give their best mean radjus determination as 3393 +8 km (error limit is
three times the formal error, i.e. the standard deviation). _

They reduced the 1967 scan by a constant 3 km to provide a common zero level
with the 1969 data. This was due to the choice of a single, specific point in 1967 as
that series’ reference level. The radar zero level now refers to the mean radius of the
planet. This zero level is maintained throughout the remainder of this report for
reasons which will become apparent.

3. The 1969 Goldstone Radar Data

A second, independently conducted series of radar observations was performed
by Goldstein ef al. (1970) with the Goldstone radar antenna at the Jet Propulsion
Laboratory. These observations ranged in extent from approximately 3° to 13°N
latitude. The distribution of points is given in Fig, 5. . '

A zero level check with the Haystack data was provided by comparing a plot of
the Goldstone data on an overlay grid. In general, the Goldstone data were well
within the error limits of the Haystack data at all Jongitudes. There was a small
difference in the mean values, however: the Goldstone mean was -+0-25 km compared
with' +0-91km for the Haystack mean. For consistency, the Goldstone data were
therefore increased by +0-66 km before smoothing.
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108 . R. A, Wells

The resolution of these observations was a rectangular element centred at each
point extending 220 km in longitude and 90 km in latitude. The difference in the shape
of the resolution element compared with the Haystack data is due to differences in
range-gating procedures used by the two groups. The smoothing calculation, of
course, increases this limit to 1000 km.

The data tables, generously provided to the author by R. M. Goldstein, did not
contain error limits (standard deviations) for the microsecond delay (or altitude)
measurements. However, errors were listed for the measured-minus-predicted
Ephemeris flight times of the echos which are related to altitudes. The reciprocal
square of these values were therefore used as the weighting factors w; in equations (1)
and (2).

The remainder of the calculations with these equations were as before. The 236
data points (Fig. 5) generated a 5° regular grid of 250 values between 0° and 15°N
latitude. The resulting computer plot of height contours from these values is given in
Fig. 6. Associated with these values, corresponding error limits § were also calculated,

—

Fig. 7. As before, the upper diagram is the mean of § with the two-dimensional

distribution given by the contour map below.
It is of interest to compare Fig. 7 with Fig. 4. In the Goldstone case, the internal
errors from smoothing only ranged between 0-06 and 1-08km (contour intervals

are 0+1km ranging from 0-1 to 1-0km), somewhat better than the Haystack

results of the previous section. However, the locations of peaks in the error limits
are strikingly close between the two data sets. The suggestion that slopes might
disperse the radar signals more than flatter tetrain is therefore strengthened.

4. The Kitt Peak spectroscopic CO; measurements

The technique of determining surface heighis on Mars by ground-based infrared
spectroscopy was devised primarily by M. J. S. Belton and D."M. Hunten at the
Kitt Peak National Observatory. It was first utilized sucessfully by these investigators
and by the author during the 1969 Mars apparition with the McMath solar telescope.
Preliminary results were published by Belton & Hunten (1969) and by Wells (1969a).
The final, comprehensive report including the theoretical mathematical derivations,

" ag well as the observations of the Kitt Peak group, can be found in Belton & Hunten
(1971). The observations conducted by the writer ut:llzmg the same equipment will
be detailed in this section. '

The instrumental design, derivation of equations leading to Martian surface
-pressures, and discussions of various limitations of the observing technique will not be
‘repeated in full in this report. This section is limited to a continuation of Belton &

Hunten’s (1971) Table 4 of measured points and the preparation of the ground-
based CO, height values for the final combination with other data sources.

"+ If pco, is the partial pressure of CO, at a specified point on Mars; 7, the airmass
factor; T, the air temperature; §,, the number of counts in the data accumulator
‘from the 1-05 ¢ lines (R-branch); and Sg, the reading in the data channel from a
standard source, then according to Belton & Hunten (1971):

fco, = Cf (1, Pco,s T)¥So— 5S4, (3)

where 9 and C are calibration constants. S, is the reading on diffused light from a
tungsten lamp, and yS, corresponds to the reading on the Moon, i.e. the standard
of zero absorption (the Moon has no atmosphere) used in this analysis. The function
£ 01 poo, T) is derived from a weighted mean curve-of-growth of CO,; and the
constant C, a function of the efficiency of the instrument, must be derived from the
observations on a night-to-night basis, particularly since the instrumental set-up had
to be taken down each morning and arranged and recalibrated each night,
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Numerical values obtained for peo, are derived using the following procedure:
Belton & Hunten’s (1971) July 1 observations within the rectangle & 15° Iatitude and
320° to 40° longitude were used to calculate a trial value for C assuming that the
mean CO, pressure for the data points within the rectangle equalled an arbitrary 6 mb.
The remainder of the points for that night were then used to give corresponding
pressures with this value of C. The constants C for the remaining nights are similarly
calculated by using data in overlaps of successive nights. Each mean pressure within
an overlap (averaged from points determined by the previous €) provides a new C for
that night, and so on. (The distribution of data points including nightly overlaps is
shown in Fig. 8.) This procedure gives a series of constants for alt of the data, which
can then be consistently adjusted until the mean pressure over all observations equals
5-5mb. This latter pressure value was chosen because the observations of Belton &
Hunten (1966) and Belton, Broadfoot & Hunten (1968) indicated that the mean
CO, pressure for Mars integrated over an appreciable fraction of the disk was 55 mb.

This pressure value is an imposed constraint. However, there is no a priori reason ~
to believe ‘that the total mean CO, pressure for Mars is 5-5mb since the earlier
observations of Belton e al. do not cover the entire planet. But with their method,
the entire calibration of the Earth-based CO, observations is internally self-consistent
depending only on ground-based spectroscopy. Comparisons with the Haystack
radar data will further elucidate the calibration problems.

Once pressure values have been obtained from equation (3), surface heights can be
derived after adopting a particular atmospheric model. The model used here is that
of Belton & Hunten (1971). Surfaces of constant pressure in a static, isothermal
atmosphiere coincide with surfaces of constant gravitational potential; otherwise,
violent winds would result. The surface that coincides with a CO, pressure of 5:5mbis
chosen to be the gravitational potential surface at zero height. The atmosphere at any
point is then taken as isothermal. Diurnal temperature variations are neglected since
all observations were made at noon local time on Mars, i.e. along the apparent central
meridian. The effective temperature of the atmosphere is, however, latitudinally
dependent, -

These assumptions, which should be valid at least up to one scale height, permit
the isothermal equation

P = po exp[— (z/H)] 4)

to be used to derive surface heights z from observed pressures p using 5-5 mb for Po-
The latitudinal temperature dependence is accounted for by calculating the local scale
height of the atmosphere for each observation point from H = kT [mg with usual
definitions for the gas constants appropriate to CO, under Martian gravity, The
variation of T with latitude is that adopted from Belton & Hunten (1971} who
utilized their previous determination of the rotational temperature of Martian Co,
(Belton et al. 1968) together with the numerical model of latitudinal temperature
dependence calculated by Leovy & Mintz (1969), See Belton & Hunten (1971), Fig. 8.

The observation dates were: 2, 22, 23, 24, 30 June and 1 July (B & H 1971); and
9,10, 11, 12, 13, 14, 15 June (Wells 1969a). The distribution of observational points
is given in Fig. 8. :

The I mm? spectrograph entrance aperture was theoretically. equivalent to about
an 850km square near the Martian equator. The size and shape of this element
varied with seeing conditions and latitude on the planet (see B & H, 1971, Fig. 7).
Planetary rotation produced negligible effects since observation times were very short.
A mean figure of about 1000 km for the spatial resolution is adopted here since seeing
was relatively good (2"-3” arc) for most nights.

Data co-ordinates, obtained by measuring the x, y positions of the centre of the
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aperture on Mars in the guiding reticle relative to the sky, were corrected for displace-
ments caused by dispersive refraction introduced by the Earth’s atmosphere (guiding
was performed in visual light). The estimated accuracy of these position determina-
tions was about 2 per cent of the diameter of the planet, roughly 140 km (B & H 1971).

The measurements obtained by the writer were reduced simultaneously with those
of Belton & Hunten during the summer of 1970 at Kitt Peak National Observatory.
The reduced data are presented in Table 1 which represents a continuation of B & H’s
(1971) Table 4. The altitudes listed in Table 1 refer to a zero level of 5-5 mb. Estimated
RMS errors in pressures and heights have been included, They reflect only the random
uncertainty in counts obtained in the data channels. These etrors are exponentially
distributed with height. The general level of precision, except for two nights, is close
to :£ 1 mb in pressure corresponding to about +2 km near zero altitude.

Belton & Hunten (1971) compared their ground-based CO, altitudes with the
Haystack radar observations and with the Mariner data of Herr er al. (1970) to
establish the degree of correspondence. Comparisons with the Mariner data at first
yielded favourable results (B & H 1971, Fig. 11); however, after the ground-based CO,
measurements were normalized to the Haystack radar data (described in the following
paragraphs), many of the similarities disappeared.

No explanations for these discrepancies were given. Presumably this was because
the published data of Herr er al. (1970) were re-reduced using new low temperature
laboratory data for their 2 ¢ CO, curve-of-growth at about the same time B & H
prepared their final report.

Table 1

Kitt Peak CO, reductions of Wells*

Lat.
Long. N = +) Temp.
Date ‘W) 8= Eta (°K) P{mb) AP Z(km) AZ
69/06/09 236-5 1327 202 200 83 1.7-1-6 —4-1  2:2-19
238-1 14-0 2-02 200 87 1:8-1-7 ~—4:6 2:2-1-9
240-4 140 2-02 . 200 11-0 2:0-1-8 =70 1:8-17
242-4 14-0 2:02 200 6-8 I6-1-5 —-21 2521
247-3 14:4 2-02 200 87 1-83-1-7 —4:6 2-1-1-9
251-4 15-3 2-03 200 81 1-7-1:6 -39 2-2-1-9
237-3 39 2:37 192 27 1-0-0-9 7-1 4-1-3-2
251-9 2600 2-14 196 19-4 2623 —~12-5 1'3-1-3
263-1 16:9 204 200 13-9 2:2-2:0 —9-4 I-6-1-5
275-1 86 2-05 200 130 2:1-1-9 ~8-7 1-7-1-6
2821 25-4 2-13 196 1-6 0-9-0-8 12-6 6-9-4-6
69/06/09 284-0 26-7 2-15 196 1-0 Q-8-0-7 17-2 11:0-60
69/06/10 257-6 312 2-21 193 0-6 0-3-0-2 22-7 5:6-3-8
257-9 18-8 2-06 199 4:2 0:5-0-5 2-8 1-3-1-1
259-3 67 201 200 16-9 1-0-0:9 —11-4 0:5-0-6
261-3 —5-1 2:06 200 4-9 0-5-0-5 1-3 1-2-1-0
262-2 —18-4 2:22 199 7-3 0:6-0-6 —2+7 0:9-0-8
267-2 50-5 281 183 4:2 0:4-0-4 25 1-0-0-9
268-6 36-3 2-33 191 8-1 0:6-0-6 —3-7 0:83-0:7
269-4 23-4 2-11 197 12-8 0-8-0-7 =84 06-0-6
: 270-6 12-1 2:03 200 103 07-0-7 —6+3 0-8-0-7
69/06/10 2729 1-3 203 200 67 0-6-0-6 -—2:0Q 1-0-0-9
69/06/11 2281 58-9 3:30 177 19-5 ¢:9-0'8 —11-3 0404
235:6 42:2 248 ‘188 11'0 08-0-7 —6'6 0-6-0'6
23741 287 2-17 195 10-7 0:8-0-7 —6-5 0-7-0-7
2378 16-9 204 200 17-4 1-0-0-9 ~11:6 05-06
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The net effect of these new reductions, however, was a lowering of the Mariner
IRS altitudes by about 3km. Nevertheless, a straightforward comparison of the
Mariner IRS data with the currently available ground-based measurements is probably
not significant since the Mariner scans are located at the extreme limits of B & H’s
(1971) measured points. At the locations where there are scan crossings by the two
data sources, only a few points are available in each set through which to construct
smooth height-trend curves. (The treatment of the Mariner IR S zero Ievel is discussed
in the next section.)

Comparisons between the Haystack data and the ground-based CO, measurements
intreduced a serious conflict. Fig. 12 in B & H’s (1971) report shows a major
discrepancy in altitude between 80°-110° W longitude (much lower altitudes for the
ground-based CO, measurements than for the Haystack radar data), although they
noted that <. . . (i) the zero height levels are effectively identical; thus the radar results
support the 1967 and 1969 spectroscopic results which give a ‘planetary mean’
partial pressure of 5-5mb. (i) The overall trend in topographic variation (except
between 80° and 110° W) is roughly the same. Note in particular that the slopes in all
regions except 80°-110°W are very similar. (iii) The linear scale of topographic
features is effectively the same for both sets of data S

The most probable cause in the altitude discrepancy at 80°-110° W was suggested
by B & H (1971) to be due to problems in the night-to-night determinations of the
constant C in equation (3). There are two significant error sources in the determination
of C: (1) the data points do not thoroughly cover a complete circuit of the planet;
and (2) not every overlap contains a large number of observations {(see Fig. 8, this
report). Thus, this method of overlap calibration can propagate errors throughout
the whole series of observations and can readily lead to distortions in the data curves
of height vs. longitude. B & H (1971) considered these factors to be the likely cause
of the altitude discrepancy and therefore resorted to a normalization of their measure-
ments to those of the Haystack observations.

Appending the unnormalized reductions of Table I to those in B & H’s (1971)
Table 4, the writer has followed a similar procedure in preparing the ground-based
CO, measurements for the combination with other sources. Certain differences in the
calculations from those used by B & H (1971), however, will be noted.

. A resolution equivalent to a 1000 km diameter circle (18° on the planet) was used in
equations (1) and. (2). Fig. 9 (top) indicates that the standard deviations in altitude ,
cannot be used as weighting factors since they are distributed exponentially with height;
thus negative topography would always be preferentially weighted more than positive
topography. However, the observational precision also depends on the airmass
factor #, the geometrical pathlength through the Martian atmosphere. Fig. 9 (bottom)
shows a plot of airmass values against associated ground-based CO, altitudes. Since
the distribution is random, the weighting factor in equations (1) and (2) can be
defined as w; = 1/In (y;). This relationship arises since eq. (3) indicates that pressure
is a function of the airmass and pressure and altitudes are logarithmically related by
equation (4). (In their smoothing calculations, B & H (1971) used only the gaussian
filtering function. No other weighting was attempted.)

Equation (1) yielded 530 5°-grid values from the combined 339 points of B & H
(1971) and Wells (1969a). A comparison was then made with the Haystack radar
results. Fig. 10, curve A, shows the mean CO, curve averaged between 0° and 25° N
latitude from the smoothed data compared to all of the Haystack data between 0° to
21° N latitude at the original radar resolution of 300km. B& H’s (1%71) curves in their
Fig.-12 range from 240°—0°-120°' W longitude. The curve shown in Fig. 10 has been
extended from 240° W to 230° W and from 120° W to 180° W. The discrepancy noted
by B & H (1971) between 80°~110° W is seen in Fig. 10 between 80°-180° W. Thereisa
similar, though smaller, discrepancy between 230°-280° W, Between 280°W and
80° W, however, the ground-based data shown in Fig. 10fit the radar data in slope and
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F1G. 9. Upper: The error range range (sum of the absolute values of the + standard

deviations} plotted against altitude for the Earth-based CO, observations. Note the

clearly defined exponential reldtionship of increasing error with increasing height.

Lower: A plot of the airmass factors of the Earth-based CO, measurements
against altitude. The distribution is random.

zero level very well. (Note: the large values for the CO, altitudes given by the dotted
line near 300° W are not considered seriously discordant because of an exponential
loss of instrumental sensitivity with increasing height, cf. Fig. 9, top.)

Curve B is the height variation of the CO, observations after normalization to the
radar data. The normalization procedure was as follows. The CO, observations for
for each night were compared to the Haystack radar data in the corresponding
longitude interval between the latitudes 0° and 25° N. There are 13 longitude intervals
for the 13 nights of observations. Only those CO, data within the given latitude limits
were averaged together. The radar data within the same co-ordinate rectangle were
also averaged. The difference between the two averages represents the correction to
all of the CO, measurements for that night. In this way, CO, data outside the given
latitudinal limits are also adjusted. This procedure is different from that of B & H
(1971) who used only the radar measurements between latitudes 9-1° and 12° N for the
night-to-night corrections to all of their CO, data. 7

Table 2 lists values for the normalization of all the ground-based CO, data as
described above in the author’s procedure. :

The remaining discrepancies after normalization between 230°-240° and at 300° W
do not seriously affect the final data combination since the data points involved have
very low weights.

There may be some question concerning the raised flatland near 150° W. Thereisa
suggestion of this feature in the radar data although not as pronounced as in the
CO; observations. Most of the CO, points in this region have large errors associated
with them as will become apparent in the following paragraphs.

The 530 values produced by equation (1) were adjusted by the parameters listed
in Table 2. A contour plot of the normalized heights is given in Fig. 11. This contour
map is somewhat more conservative than that given by B & H’s (1971) Fig. 15 even'
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Table 2

Normalization parameters for the Kitt Peak CO, data

Longitude  Z (radar) ' Z(C0;) CO, shift
Pate (W) (km) No. Pts. {km) No. Pts. (km)

Belton & Hunten Data .

69/06/02 235°0°-16° 0-91 258 1-58 22 —0-67
69/06/22 60°-155° 3-27 206 —2-49 17 5-76
69706723 52°-139° 3-78 196 076 30 3-02
69/06/24 27°-113¢ 1-74 215 2-66 21 —0Q-92
69/06/30 329°0°44°  —0-58 182 —083 12 025
69/07/01 310°-0°-55° 0-02 270 0-32 22 ~0-30
Wells Data - .

69/06/09 236°-285° -—0-35 74 —5-55 3 _ 5-20
69/06/10 257°-273° —0-78 28 ~—5-06 5 428
62/06/11 228°-254° —0-44 34 —3-48 5 3-04
69/06/12 253°-260° —0-37 13 --3-95 2 3-58
69/06/13 178°-238° -—0-86 93 —3-87 3 301
69/06/14 150°-188° —2-14 56 -7:97 8 583
65/06/15 155°180° -2.27 35 (—7-97)* (8 570

* Determined from preceding line since there were only CO, points outside the latitudinal limits
0°-25° N in this longitudinal interval.

with the writer’s data included. The blank areas in Fig. 11 between about 270°-340° W
and at the centre near 10°-20° W resulted because the smoothing program yiclded
grid values only if at least three data points were within the resolution circle. These
regions are contoured in B & H’s (1971) map.

Associated with these contours, the internal smoothing errors 5 are shown in _
Fig. 12. The errors range from 1 to 10km in 1 km steps. Areas with the smallest
smoothing errors are those between 315°-0° W and 45-145° W longitude. The largest
errors are located wherever there are very steep slopes leading from altitudes higher
than about 10 km, e.g. 260° W, 280° W, and 150° W. The region near 150° W reflects
a large internal error due to poor data, as was previously mentioned. A chief value
in the smoothing-error contour plots is to quantitatively depict just those areas
that are the most suspicious.

The technique of measuring surface heights on Mars by groundbased CO,
spectroscopy is in fact a valuable one. An electronically stable and permanent
instrumental set-up is, however, mandatory to avoid efficiency changes each time
the equipment is taken down and to avoid the rather large errors that can accumulate
in the raw data counts as was evident in the June 13 and 15 observations (Table 1) by
the writer. It is also necessary to maintain a careful and well populated overlap
coverage in the observations in order to insure an accurate determination of € in
equation (3).

These points have been kept in mind for the observations conducted with new
instruments at Cerro Tololo, Chile during the 1971 apparition of Mars.

5. Mariners 6 and 7 Infrared spectrometer 'COJ data’

In addition to the various analyses of reflection speétra performed on the Mariner
6 and 7 IRS data, CO, pressures derived from absorptions near 2 j were obtained by
Herr et al. (1970) for the purpose of deducing surface heights along limited scan paths
on Mars. :

This spacecraft method of CO, spectroscopy has the distinct advantage of very
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high spatial resolution. It suffers the disadvantage of very limited scan paths across
the surface. The distribution of points on Mars used in this section is given in Fig. 13
(16 points were omitted: those listed as questionable by the experimenters and seven
additional ones by this writer, explained shortly). The resolution of these observations
is equivalent to a rectangle on the surface of approximately 130 x 8 km determined
by the spacecraft motion (8 km) and the optical properties of the instrument (130 km).

A check between absolute heights from the Mariner data and those from the
Haystack measurements indicated significant differences. (The Mariner data used
here are those obtained with the new low temperature curve-of-growth and not the
values published by Herr et al. (1970). The new values were generously supplied to the
author.) It was therefore necessary to normalize the Mariner data to the radar data.
Since this was the case, there was no need to alter the experimenters’ originally adopted
zero altitude level which corresponded to 6:0mb. The normalization automatically
accounts for zero level shifts.

Part of the Mariner scans were at high latitudes so that a correction also had to
be made for the latitudinal temperature dependence of the atmosphere (the Mariner
IRS experimenters assumed a constant 200°K for the atmospheric temperature).
This correction was accomplished with the aid of equation (8) in the report by Herr
et al. (1970). By ratioing this equation with itself using different subscripts on the
variables representing the constant temperature case and the variable temperature
case, corrected altitudes were defined as '

Zy = H{(Zo/Ho)—} In [(Ho/H, ( T,/ To) Y}, : &)

where ‘o’ subscripts refer to the original parameters by Herr ef al. (1970) and the
‘17 subscripts represent the parameters associated with the varying temperatures.
The original values were H, = 10 km, T, = 200°K, and Z,= the tabulated heights.
New temperatures and scale heights were calculated for each Z, according to the
description given in Section 4,

The final adjustment included a shift of the Mariner altitudes to those of the
Haystack data. Fortunately, both Mariner tracks crossed or were very close to
portions of the radar scans, Mariner 6 had two overlaps, but the scan between
30°-80° W longitude and —13°S to about 7°N latitude had only four points near a
radar scan, three of which were omitted because of airmass values greater than 3-8
(explained shortly). The other Mariner scans were located in the region 10°-30° W,
-2°8 to 3° N (M6) and 0°-10°W, 0°-14°N (M7). -

The simplest adjustment factor is the difference in the means between the Mariner
and radar data in the areas mentioned above. For Mariner 6, the measurements
do not actually cross the nearest radar scans; however, a 9°-radius circle centred at
2°N, 20°W contained 18 radar points and eight Mariner points, For Mariner 7,
the observations do cross the radar scan paths. A 9°-radius circle centred at 7° N,
6° W contained 30 radar points and six Mariner points. Data outside these circles
were considered to be too far away to be included in the average. The parameters
calculated from these two groups are given in Table 3.

An interesting consequence of this normalization is the 0-68 km larger adjustment
to the radar data necessary for Mariner 7 than for Mariner 6 (Table 3, column 4). This
difference in data shifts suggests a difference between the performances of the two
spectrometers and nicely confirms a similar observation of Herr et al. (1970). Their
Fig. 2 shows the 2 4 CO, bands observed in the same area of Sinus Meridianii by
Mariner 6 and 7. Mariner 6 yielded a slightly higher altitude by 0-5 km for the region
than did Mariner 7.

The Mariner investigators quoted a 0-5 km error limit as typical of all their altitude
measurements, This limit was determined from the possible fits of the continuum
across the dips in their spectra, The tabulated airmasses, however, provide the same
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Table 3

Normalization parameters for mariners 6 and 7 IRS CO, altitudes*

Mean height Mariner shift Difference
No. Pts, (km) (km) {M7-Mes)
18 Z (radar), —1-76
1-68 (M6)
] Z{M6), —3-44
0-68 km
30 Z (radar), —0-46
2:36 (M7)

6 Z(M7, -2-82

* These parameters are calculated from unpublished corrections by low temperature laboratory
curve-of-growth measurements at 2. The corrections were supplied to the author by K. C. Hert.

type of weighting function as utilized in the ground-based CO, measurements. Several
of the slant paths from the spacecraft were quite large and a check was first made for
possible functional relationships between airmass and altitude, Fig. 14 shows such
a plot for both Mariners 6 and 7. Since it was evident that there was indeed a cut-off
limit above which altitudes increased in value with increasing airmass, all of the low
airmass data were not plotted in this diagram for sake of clarity (these are given in the
next fig.). The cut-off limits are shown by the vertical lines in Fig. 14. Altitudes
for airmasses greater than about 3-8 from Mariner 6 and about 4-6 from Mariner 7
were excluded from this analysis as unreliable. Reasons for the differences in these
cut-off values are not apparent. ‘

The plot of altitude vs. airmass for airmasses smaller than the above limits is given
in Fig. 15 which shows no evident correlation. The weighting function for equations
(1) and (2} is therefore defined as in the previous section, w; = 1/In ().

The 107 points in Fig. 13 yielded 148 points on the 5%-grid calculated by equation
(1). Fig. 16 shows the resulting contour plot from these values. The notable features
are the basin in Hellas (300° W) and the siope towards Noachis which corresponds to
Hellespontus. The isolated contour region between 20°—40° W and — 50°S to —60°S
is marked at ! km. In the original data (Herr ef al. 1970), there was some topo-
graphical variation along the track, but this was smoothed out by equation (1).

The distribution of 5 associated with these values is given in Fig. 17. The error
limits range between 0-1 to 0-6 km in 0-1 km steps, the largest errors occurring in.the
region of the Hellas-Hellespontus slope. A common feature between the four
distributions of § shown in Figs 4, 7, 12 and 17 is that the largest internal errors
appear to be associated with topographical slopes.

6. Combination of the four data sources

The four data groups, discussed in the previous sections, were each processed by
equation (1) and (2} after adjustments were made to the Haystack radar zero level.
Each source is therefore available on a 5°-grid interval prepared at a spatial resolution
corresponding to a circle of about 1000 km in diameter centred at each point. The
data groups are simply combined by using equation (1) again on all the smoothed
sources simultaneously. The weight factors are now defined by w; = 15,2 since § is
consistent between the groups as was mentioned in Section 2.

The distribution of all data points is shown in a single plot, Fig. 18, These 1382
points yielded 1366 numbers for the total of the 5°-grid smoothed sources which, in
turn, has resulted in 924 values for the combined regular array. Some information
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Fig. 14. A plot of measured altitudes against corresponding airmass factors for the
Mariner 6 and 7 IRS CO, data. The vertical lines at 3-8 and 46 represent an
approximate cut-off limit placed by the writer, Data above these limits tended to
show increasing height with increasing airmass and were therefore omitted from
the smoothing calculations, Different symbols merely identify individual scans.
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FiG. 15. The distribution of altitudes vs. airmass factors for the Mariner 6 and 7
IRS CO; measurements with airmasses smaller than 3-8 (M6) and 4-6 (M7). The
distribution is random.
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has been lost from the very edges of the individual data arrays since the smoothing
program rejected any values for a grid interval for which there were less than three
points within the range of the resolution element. Most of those points affected in
‘the Southern Hemisphere may become useable when ground-based CQ, data from
the current 1971 opposition is made available.
" ' The final contour map is given in Figs 19 and 20. Theé first shows only the contours
as in the other maps of this report. Fig, 20, however, shows the plot overprinted on a
current map of Mars so that relationships with surface markings can be seen.
Associated with these contours, the corresponding smoothing errors are given in
Fig. 21. The range of § is from 0-1 to 2:9 km in 0-2 km steps. The largest errors again
are associated with the apparent topographic slopes at 260°, 60°, 150° and 170° W.
The most reliable portions of the topographic map are represented by blank regions in
the contoured areas of Fig, 21. These correspond to errors in the combination of less
than 0-5km, Fig. 21 indicates at a glance those areas which should be regarded only
 with extreme caution as being real. Most of these areas are located at the edges of the
mapped areas. ‘

7. Discussion : . ‘

. A point of interest in Fig. 20 is an attempt to establish any relationship between
the-distributions of surface markings and those of altitudes and slopes. This examina-
tion can be done in a quantitative manner by statistics, but will be deferred to Part II
of this report in which the 5°-grid data will be regenerated on a 1°-grid interval by
spherical harmonics. Nevertheless, a visual inspection of Fig. 20 shows some results
that can be expected from a more-detailed analysis.

- In general, no relationship is apparent between topographic heights and the
distribution of dark areas on the planet. Some dark areas are apparently situated
on parts of measured slopes: Cerberus (200° W, 10° N), Syrtis Major (290° W, 10° N),

*Hellespontus (320° W, —50° 8), Sinus Meridianii {0°, 0°), Margaritifer Sinus (20° W,
~10° S), and Mare Acidatium (30° W, 35°N). This apparent corzelation may have no
significance when one considers that practically all bright “desert areas thus far
measured are also associated with slopes. The highest areas on Mars, so far, are seen
to be deserts: (Tempe [65°W, 50°N] at +12 km; and Tharsis [110°W, 10°N] at
+7 km), but the lowest areas are also deserts {Hellas [300° W, —50° 8] at ~2km:

Chryse-Xantlie [30°W, 10° N] at —2km; and Memnonia [160°W, —20°8] at
=6 km). ‘ : ,

* . It should be noted that the base map of Fig. 20 is the recent one published by the
Lowell Observatory made from ground-based photographs of Mars during the 1969
apparition. The co-ordinates of features were measured directly from these photo-
graphs. The positions in longitude correspond closely to those determined from the
Mariner 6 and 7 photographs. However, for high southerly latitudes the agreement
with the Mariner co-ordinates is not so good. This fact is due to the 1969 axial tilt
of Mars which positioned the Martian south pole away from the Earth and to the
fact that the south polar cap extended down to about —60° S,

The discrepancy is most pronounced in a comparison of the position of Hellas on
the Lowell map (Lowell Observatory 1971) and on the NASA Mariner chart (U.S.

- Army Topographic Command 1970)." The former places the southern limit of Heilas
at about —60° S, while the Mariner map places this limit at about —55°S. The
northern extent of the Hellas circle is put at —40° S on the Lowell map, while it is
located at about —25°S on the Mariner map. The negative contours in the Hellas

“area fall more closely. in the circular outline of Hellas on the Mariner chart than is
evidentin Fig, 20, . : 7

The Lowell map was used for'the basé map since thé standard shapes of the dark
markings drawn by air brush can be easily seen; whereas in the Mariner chart a large
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Fic. 20. Final height contours produced from the combined data sources listed in this paper superimposed on a map of Mars. The resolution element
of 1000 km is shown by the cross-hatched circle to the left. The base map is that published by the Lowell Observatory in 1971 from the 1969 Mars
Earth-based photographic patrol.
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section of the central area of the map contains airbrush inserts of the Mariner 6
and 7 near-encounter photographs making it difficult to follow the outlines of Sabaeus
Sinus, Sinus Meridianii, Margaritifer Sinus, etc.

The position of the contours of Fig, 19 with rESpect to the surface markings
therefore depends upon which chart is used for the base map. The analysis of surface
altitudes and slopes vs. albedo, presented in Part I1, will rely on the Mariner control
net for co-ordinates.

Also of interest from Fig. 20 is the distribution of blocks and basins. The major
high and low areas are two blocks and two basins centred approximately at 300° W
{Syrtis Major), 30° W (Chryse-Xanthe), 110° W (Tharsis), and 180° W (Memnonia-
Amazonis). They are spaced about 90° apart in longitude and together with their near
eguatorial position suggest the presence of 4 strong second harmonic. Other block-
and basin-type features are apparent on the map as was mentioned at the beginning
of this section. The precise harmonic distribution of these features W1ll be found in
PartI1.

The term “block’ and * basin® is used in a general sense by the writer since the
geological terms ‘ridge’ and *valley’ convey a more specific meaning applicable
to considerably smaller scaled features than are found in Fig. 20. It is possible that
these blocks and basins could be structurally similar to the Earth’s continents and
ocean basins during primitive stages of the latter’s formation. 1t is significant that on
the scale of Mars, these features are much larger and higher than the corresponding
structures on the Earth.

It has also not escaped the author’s notice that the presence of large-sca!ed blocks
and basins on Mars may have important geophysical consequences regarding the
theory of continental drift and sea floor spreading as was suggested earlier (Wells
1969b, 197 1)

‘ Acknowledgmenté

The author thanks M. J. S. Belton and D. M. Hunten for independent participation
in the Kitt Peak CO, experiment and in data reductions of the observations as well as
provision of their measurements; G. H. Pettengill and A, E. E. Rogers for provismn
of the Haystack radar data in advance of publication; R. S. Goldstein for provision
of the unpublished Goldstone radar data in tabular form; K. C. Herr for access to
the Mariner IRS CO; data during various stages of preparation; and C. W. Hord for a
copy of the Mariner UV surface altitude variations in graphical form. Computations
were carried out on the Space Science Laboratory SDS Sigma 7 computer and the
University of California Computer Center CDC 6400. Thanks are also due to M. J. S. '
Belton for provision of the contouring algorithms which were modified and adapted
for the SSL SDS Sigma 7. This resecarch was supported by NASA grant NGR
05-003-431. ; )

Space Sciences Laboratory,
University of California,
Berkeley, 94720, U.S.A.

References

"Barth, C. A. & Hord, C. W., 1971. Science, 173, 197. .

Belton, M. J. 8. & Hunten, D. M., 1966. Astrophys. J., 145, 454,

Belton, M. J. S. & Hunten, D. M., 1969. Science, 166, 225.

Belton, M. I. S. & Hunten, D. M., 1971. Iecarus, 15, 204,

Belton, M. J. S., Broadfoot, A. L., & Hunten D. M., 1968, J. geophys. Res., 73, 4795.



Large-scale Martian topography variations—I 133

Goldstein, R. M., Melbourne, W. G., Morris, G. A., Downs, G. 8. & O’'Handley,

- D. A, 1970. Radio Science, 5, 475.

Herr, K. C, Horn, D., McAfee, J. M. & Pimentel, G. C., 1970, Astr. 1., 75, 883,

Leovy, C. & Mintz, Y. A., 1969. J. atmos. Sci., 26, 1167. '

Pettengill, G. H., Counselman, C. C., Rainville, L. P. & Shapiro, 1. 1., 1965, Astr.
J., 74,461,

Rogers, A. E. E., Ash, M. E., Counselman, C. C., Shapiro, L. I. & Pettengill, G. H.,
1970, Radio Science, 5, 465; also “ Radar Studies of Mars ’, report under contract
NAS 9-7830, Lincoln Laboratory, Mass. Inst. of Tech., 15 Jan. 1970,

Wells, R. A., 1969a. Science, 166, 862.

Wells, R. A., 1969b, Geophys. J. R. astr. Soc., 18, 109,

Wells, R. A., 1971, Phys. Earth Planet. Int., 4, 273, special issue, NATO Advanced
Studies Institute, Newcastle upon Tyne (April 1970).



Relief-Darstellung der Marsoberfiiche

B Radarabtastung / | nfrarot-Spektroskopie / Oberflichenmodell / K ontinentaldrifi ?

Die ausgezeichneten Pbaragmpbir.u, welche von den Marssonden Mariner IV, VI, VIl und IX
sur Erde suriickgefunkt wurden, baben cine Fille newer and dberraschender Erkenntnisse iiber
unseren dufSeren Nachbarplaneten gelieferr. Allerdings war es an Hand dieser Aufnabmen
nock nicht mdgtich, die Hoben- und Tiefenlage eines grafieren Gebictes kartenmifSio zu
erfassen. Dies gelang erst, als man die weiteren Beobachtungstechuiken der Radarabtastung
und Infrarot-Spektroskopic beranzog. Mir Hilfe dieser Metboden bat man neue Einsichten in
die geophysikalische Geschichte der Oberfliche des Mars evbalten, eines Planeten, der topo-

graphische Unterschiede im Grofen besitzt, die

vergleichbar sind.

Aus den Mars-Photographien, die von den
vier amerikanischen  Mariner- Raumschiffen
1965, 1969 und 1971—72 aufgenommen
wurden, war zu ersehen, daRl dic Marsober-
fliche sehr unterschiedliche Strukruren auf-
weist:  Kraterlandschaften,  Gebiete  ohne
Kraterspuren, unregelmillig  serukturierte
Gelinde und werr ausgedehnte, stark ver-
waorfene Zonen 1], (vgl. auch UMSCHAU
1972, Heft 4, 5. 119, Teh 7. 8, 206; 1969,
Ileft 19, 5. 616). ‘

Die Photos enthalten beispielsweise Krater-
wiinde, Grare und Verwertungen mit emer
Ausdehnung von kleiner aly ungetihr 100 km.
Dic senkrechten Hahen lassen sich mit Hilfe
der Schatten- und /\lhudnmcssungm hestim-
men. Dagegen sind - die Hohenlagen  der
tlichenhafren Ausdechnungen  mit  Durch-
messern griller als erwa 1000 km nichr mel-
bar, da die Schatten dieser Objekte nicht aus-

den Kontinenten und Oscanbecken der Erde

werthar sind. Das StercomeRbildverfahren Ist
wegen des grolen Abstandes der Sonden-
kamera von der Marsoberfliche zur Hohen-
bestim mung noch nichr geeignet.

Oberflichenstrukruren grolSer Ausdehnung
konnten dagegen durch Radarabtastung von
der Erde aus vermessen werden [2]. wobei
die jeweiligen Hohenlagen sich als Zeirver-
spitungen der Radarechos bemerkbar mach-
ten. Obgleich der aufrreffende  Radarserahl
dic pesamte Marsscheibe iiberdeckr, kommr
das  fir  die iI(")hcnlws'rimmung benurzre
reflektierte Signal nur vom crdniichsten Punke
der - Marsoberfliche.  Das begrenzie  Auf-
It":-iungwcrmr'igun des Radurteleskops verur-
sacht eine Unschirfe dieser Stelle von unge-
fibr 300 km. Dic unrerschiedliche Richrung
der Rotationsachse des Mars  relativ Lur
Beobuchtungsstation ermaglichee die Ver-
messung der Gebiete zwischen 0° und 20°

nordlicher Breite withrend der beiden Be-
obachtungszeiten in den Jahren 1967 und
1969,

Eine zweite Methode benurze die Infraror
absorption in cinem CO,-Band bei einer
Wellenlinge von 1,05 am [3]. Da die Mars.
atmosphire haupesichlich aus CO, besteht,
ergibt diese Messung den CO,-Gehalt in
emner senkrechten Siule dber cinem bestimm-
ten Gebier auf der Marsoberfliche. Die € )y-
Konzentration ergibt den Druck am nefsten
Punkr der Atmosphire, woraus sich die je-
weiligen  Oberflichenhohen durch die iso-
thermische barometrische Gleichung errech
nen lassen. Weil das optische Fernrohr auf
Jede Stelle der Marsoberfliche gerichtet wer-
den kann, gibt es keine von der Marsachse
beeinflullten Breitengrenzen wie bei der
Beobachtung mit cinem Radarteleskop. So
kann man wihrend einer Marsopposition mit
der spektroskopischen Methade berrichtlich
mehr Daten als mit der Radarabtastung cr-
halten. Die spekeroskopischen Beobachtungen
wurden in dem Kitt Peak Narional Obser-
vatory in Tueson  (Arizona) wihrend des
Sommers 1969 mit cinem Sonnenteleskop
gewonnen.

Die dritte Technik ist ehentalls spekrrosko-
pischer Are: das Infrarotspekerometer hefinder
sich jedoch in einem Raumschift [4]. Die

Bild 1: Hébenlinienkarte der Marsoberfliche, die auf Grund der Radar- und COyMessungen konstruiert wurde. Die Hobenlinienabstinde

hetragen | k. Die Hoben erstrecken sich von —6 kb bis zu

+12 k. Die Nullbébe in einer isothermischen Atmasphdre gleiche 5.5 mb €0,

die auch dem Marsradius 3393 fem entspricht. Die dicken Linien bezeichnen positive Hiben, die gestrichelten Linien negative Hoben, Der kreys-
schraffierte Kreis bei der Linge 220° kennzeichner das Auflisungsverniduen der susammengefafsten Daten und bat cinen Durchmesser von

ctwa [000 k.
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Bid 2: Das vom Computer gezeicknete Reliefmodell
der Marsoberfliche. Der waagerechte Mafistab ist
ettva 600 mal 50 grofi wie der semkrochte. [ie ge-
rasterten Flichen sind unbeobachrete Gebicte, deren
Hdabemlagen gleich Null gesetzt worden sind. Am
Rande des Reliefmodells befinden sich bei 180%w. L
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20° 5, B. sowie bei 150° w, [., 40° n. B.
2wel hobe Strukturen, die wabrschein-
fich wur vorgetduschr sind, da dic Zabi
der Mefipunkte an den Begrenzungen
des  beobachteten Gebietes fiir  eine
stchere Auswertung 3u klein ist.

Mit den gewonnenen Baten ist eine Hohen-
tnienkarte  der Obwerfliche (Bid 1) vom
Computer  gezeichner  worden,  Diesellen
Ergebnisse sind in Form vines Reliefmadells,
das chenfalls von einem Compurter erstelit
worden ist, dargestellt worden (Bild 2). Auf
der Hoéhenlinienkarte sehen wir, daf dic
grofeen Hohenunterschicde auf dem  Mars
etwa 18 km betragen, wenn wir den Ge-
birgsblock (+12 km) bet 65° und das Becken
(—6 km) bei 160° westlicher Linge betrach-
ten. Diese Kontinente 2wischen 90° und 130°
bzw, zwischen 280° und 320° sind heide
fast so groff wic Australien. Das Becken
zwischen etwa 150° und 180° ist groRer
als das Mittekmeer, und das grolle Zenrsal-
becken ber 30° st bretrer als der Adantische
Qzean.

Aus der Oberflichenform st ferner die so-
genannte  Oberflichen-Harmonik  berechnet

fehienden Stéreinflisse der Erdatmaosphire
erlauben cine erheblich grivliere Auflisung
der  Beohachtungsobjekte.  MNacheeiliy st
allerdings, dald nur cin lchrr.'nztui' Streifen
der Marsoberfliche in clnem cinzigen Vor-
l)uiﬂug beobachrer werden kann, Wegen der
Marsrotation wird aber von der Satelliren-
sonde im Verlauf ciniger Tage fast jeder
Punke der Oberfliche Gberflogen. Die neue-
sten Messungen von Mariner [X sind feider
durch Staubstiirme stark beeintrichtiyr.

Dic dret  Untersuchungsmethoden  ergehen
Daten mit  verschiedener Aufldsung. Die
Mariner VI- und VH-Daten erreichen eine
Oberflichenauflésung von 130 x 8 km? Die
Auflésung  der  Radarergebnisse  entspricht
einem Krels von etwa 300 kun Durchmesser
und die COy-Messungen von der Erde cinem
Quadrar von erwa 1000 km Scitenlinge. Um
cine gute dbersichtliche Darstellung zu er-
halten, werden zweckmiigerweise dic Daten
aus allen drei Beobachtungsverfahren  in
cinem Maodell berGeksichrigr. Die Darenvei-
teilungs har o erlauhr, das Vercinigungsver-
fahren in $°-Abstinden durchzufithren, wo-
durch dann aber die Melipunkee dic geringste
Aufldsung (1000 km) haben.

die Abweichungen der wirklichen Marsober-
fliche von der ciner Kugel beschreibr. Aus
den harmonischen Koeffizencen st schhici-
lich das Gravitationsfeld des Planeten be-
rechnet warden. Eine sehr gemue Bestim-
mung (cinschliclich Glieder 6. Ordnung)
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worden, ein mathematischer Ausdruck, der

des Mars-Gravitatonsfeldes ist kirzlich auf
Grund der Bahngtirungen von Mariner 1X
vargenommen worden Den Forschern gelang
es, aus den Werten {tr das Gravitarionsfeld
die  entsprechenden  Oberflichenhéhen zu
crrechnen Somit st es nun mayglich, die Er-
gebnisse der Hohenmessungen miteinander
zu vergleichen. Bifd 3 zeigr die varliufigen
Werte der Oberflichenhdhen tiir die verschie-
denen MeBmethoden. Die Kurven reprisen-
ricren Profile, dic aus Bild 1 und der in [7]
publizierten  Héhenlinienkarre  entnommen
wurden. Sie folgen den Breitenkreisen auf
§° ndrdlicher und 15° stidlicher Breite. Die
Ubtrcinstimmung hinsichthich der Richrung
der Hohenverinderungen von den Kurven
ist recht gut. Eine Korrelationsrechnung, dic
auf wachsenden Héhenwerren basiert {8i04 3,
ohen), licfert cinen Korrclauonskoeffrzienten
von 70%.

Aus Bitd | kann gefolgert werden, dal ketner-
le1 Zusammenhang zwischen der Athedo und
der tishe der Oberfliche hestcht Fs gab
Kontroversen  Gber  dic Morphologic  der
dunklen Qberflichengebiete des Mars |61,
die man wic beim Mond . Maria® neont. Es
ging um dic Frage, ob die dunklen Gebiere
Hoch- oder Tieflinder sind, Wic man aus
gild 1 ceschen kann, konnen die dunklen
Gebicte sowoh! hoch als auch dief {tegen,
genau so wie dic hellen Gebiete, die meist
als Wisten® bereichnet werden,  Dieses
Ergebnis ist ein Finwers darauf, dafl die

- unterschiedliche Helligkeit der Gebicre durch

die Verschiedenheit der chemischen Zusam-
mensetzung der Oberflichen hervorgerufen
wird.

Besanderes Interesse gl den grofien 1and-
massen, den , Urkontinenten™. Mit Ausnahime
der Erde und jetzt des Mars sind bisher keine
Kontinente auf anderen Plancten sicher fest-
gestelle. worden, Fs wiare denkhbar, daR auf
dem Mars, wi¢ bet der Erde, cine Kontinen-
taldrift und Ausbreitung des Meeresbodens
staccfindet. Daher wird der Mars fir Geo-
physiker eine neue und wichtige Rolle spic-
len. Im Zusammenhang mic dicsen Prozessen
weisen theoretische Berechnungen daranf hin,
dall die Konvektion imserhalls des dulderen
Magsmantel die rreibende Kraft flir grolie
Rrustenbewepungen sein kann {7].

¥in Verglech der Photographicn des krarer-

formigen Terrains mic den Yrgeboissen der

Radar- und’ Infrarotmessungen crgibe, dail
der Mars cine Oberflachenstruktur har, dJie
teilweise grofle Ahnlichkeir mit der des Mon-
des besitzt, zber auch an dic Kantinente der
Erdoberiliche erinnert,

Die hier beschriebenen Untersuchungen wurden
von NASA Grant NGR 05-003-411 gefsrdert. Der
Auror danke Dres. J-P. Pfeifer und 8. Stnaneir fir
die Hilfe bei der chrls'agung des Textes ins
Deutsche,

Wells, R A.: Relief-Darstellung der Marsoher-
fliche. UMSCHAU 72 {1972) Hefr 9, 5. 293285,

Summary:

The Mariner 4, 6, 7 and 9 spacecraft have returned
many excellent photographs of the surfice of Mars,
however, it has ot heen possildle o obtain infuc-
mation frum them concerning che relict of large-
sale surface features. Altitude informanion of the

“grosser features of the surface has been derived

UMSCHAU 72 (1972} Heft ¢



from the twa techniques: direcr radar-ranging
from the #arch, and infrared (0 spectroseopy of
the Martan atmosphere using both Farch-based
and onboard spacecraft spectrometers. These data
have been combined into a homogencous array of
surface heights which has been contoured by a
compurer. The resiilting ropographic contour map
shows the presence on Mars of block and basin
features chat are comparable in areal extent to the
continents and coean basins of che Earth.
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Bild 3. Rin Vergleih der Hébenbestimmungen der Marsoberfliche nackh verschicdenen
Methoden. Die ausgesegene Karve seigt die divebten Hebernmessiongen dor Radar- wid fupra-
rotbeubachtungen, Die gestrichelte Limie reprisentiert dic Oberflachenbiben, die ans der
Avalyse der Babnstdrungen der Marssonde Mariner [X errechnet wurden. [as Hdhenprofil
ohen bzw. unten verlduft entlang §9 adrdlicher bow 15° sidlicher Breire,
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TOTIOIPAGYA MAPCA 10 TAHHEIM HABEMHEIX
PAHOJOKAITROHHBIX H3MEPEHIN I IO HABJIOAEMOMY
C 3EMJIA 7 ¢ KOCMBYECKHAX ATIHAPATOB «MAPWHEP-6

‘ H 7» NOTJIOHIEHHIO CO,

CoEMBCTRO AHANMIEPYIOTCA BCe MABECTEHE K HACTOAMEMY BpeMeHH NAHHELS ¢ BA-
PEATRAX BHeoT (Tovorpadmm) Mapea, ocpenHenmEle Ha OTMEAKOBEIX WHTEpPBALAX paspe-
FIGHESM. YCTAHORIEHNO, WTO CYMMApHAM DasHOCTE ERICOT Ha Mapee JocTHraer moutu

8 =x, wra coorsercrayeT HaMeHeHEAM pasaenms (CO:) ¢ 2 x6 mHa BecoTe 12 KM N0
10 x6 Ha ypoBHe 6 Kx. ‘

MARTIAN TOPOGRAPHY FROM EARTH-BASED RADAR, EARTH-BASED .CO.,
AND THE MARINER6 AND 7C0; MEASUREMENTS, by R. A. Wells.— All presently
availuble data sources of martian topographice]l variations have been comhined and
smoothed to the same spatial resolution limit. The total height range on Mars is found-
to be nearly 18 km corresponding to a CO. pressure range from 2 Mb at 12 km to 10 Mb
at--6 km. ‘ '

JAaenbie o Tonorpagrm oTAeABARX o0fnacTeit Ha Mapee GsrcTpo HakanIHBa-
IUch B TeUeHWe NPOMSIMEX TpeX JeT. Jra npobiesa nperkie Oblia WpeIMeTOM
TOCTATOYHO NPoRsBONbHKX mpegmoucwendi: [1]. B macroamee spema mopdo-
aorus nosepxgocty Mapea B macmrabe uopsaka 1000 ka Momer HayUaThCH
¢ MCHONLIOBAHEEM TOTHOR TeXHMKA DAHOIOKEIHOHHOrQ 3ONAHPORAHUA H
CHEeKTPOCKONNYECKUX onpefedenmit conepsxanna CO: s armocthepe mramerss,

Hpn cocrasnermm mapcHamckoil Tomorpaduueckolf KapTel MOMOIBIOBAIHCE
MarepHanbl, KOTOPHe HOSEGNEJIH [DOE3BECTH NEPBO OUpeAefcHMe pasHoCTelt
BLICOT 110 PAJMONOKALIMOHHEIM OTpPameHuaM (BHICOTH NOBEPXHOCTed maMeps -
ITCA [0 0TCTABAHAI0 BOSBPAINAIOMEXCA HX0),0TH MaTepHANH noaydesH ller-
Tearmiom u np. 3 1967 r. [2], Pomsepeom w np, B 1969 1. [3], Toapcreitnom
m gp. B 1969 r. [4], xpome Toro, HmemomnzOBANMCL DEAYALTATHL OLpeENEHME
copepranua CO., noryvennsix Berromom m Xanrenom [5] m Yamncom [6] a
1969 r., a rawxe ompeneneEma KommyectBa CO: Mo mamHBM WAGPAKpPACHHX
cuextpoMerpon «Mapmraepa-6 u 7» 3 1969 1, [7]. ‘

Pesynerars: Bapra m Xopna [8], ocroBanmEe Ba ZamHHX COERTPOCKOTHH
B yabTpadmosieToRoll 061ACTH, He YIHTHBINCH HENOCPEACTREHEO IIPH pacie-
Tax #3-33 HEOUNPe[leIeHHOCTH AQUYMIeHWH B OpUMeHARMeilcs WMH MOJEIm aT-
Mocgepst. ORHAKO 3TH pPeaydBLTATE HCHONB3OBANHCH Lis cparHenus ¢ madpa-
KPACHEIME CHEKTPAMU, TaKk KAK o0OMMM MECTPYMEHTAME HAyYaNHCH NPEMEPHO
OJ\BE B Te e 00hacTd nAaHeTs!,

Cocrannemue Honoit u Gonee TouHOH KapTH peivedhs- mabmopaeMsix ofia-
creit Mapea ABasercs ocROBHON HENs0 HacToAmed craThd. B cymunocTH KapTa
npeficrasageT cofoil TPOMEHYTOYHY I CTYIEHD B $018e JOTANLEOM rapMORHTe-
CKOM AHAJMAe NOBEPXBOCTH, KOTOPLI aBTOp HANEOTCH oNy0IMKORaTH B HEJaNe-
KoM Gy yniem, : ’

JlABHEE ODHTHEANLREIX ACTOUHIKOB DACHDPENEICHLI BECHMA HEpABHOMEDHO
B Ipefenax INICINAIY NIARSTH, ol'paHEYeHACH npmEMépHo 50° cemeproi u 20°
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" Pmc. 4. Cpénﬂenue CpeJHEX BEICOT, ocmpefenenomx mo CO: ana sRtepsama O m 21° N mipporst B pasaslx JodroT A0 Hopﬁaﬂﬂsatum. t@tpaeag A) u mocne

AOpMammaanud (Kpesag B) ¢ papapuRIMA JANOLIME (3alOARERHHE EPY/RRR) B Opejedax TOr0 e IEPOTHOTO wHTepBaNa. TOUKM pamapHEX TATHEX AMe-
10T Tpefiedn omAlCKa B { cTavmapTHOE OTKIOHEENE W cou'rBeTcTnymT;opnmxanmougﬂg})ocrpchTBeHHOMy- paspeimeEER B 300 xa. Jagame uo CO, Gmmm
cIaameni- ¢ paspemenneM B 1000 kx. Pacxomienrme (ToqeuHam JHHNA) HNpH TTHHE HeTL3A CYATATH CYMACTBOHHEIM H3-3a KCIONEHI[WANLHOA TMOTepH
YYBCTEHTENLEOCTH WHCTPYMEHTA K HEICOTE C POCTOM BHICOTH. JTH COs-JaEBHe AMEOT 0YeHL He3EaTATe/ALHEN yuelbHLHk Bec B CTHAMHABAKIIHX pACISTAX
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Pge. 2. Kapra mosepxnocts Mapca B M30JUHMAX 10 BRICOTAM, HHTEPHONHPOBANNLIM HA Gase JaHAKX, BRIDAMKEHHMX Ha HPABRILHON

ceTre pasmepon 5° ¥ 5°. COAOMNLIe THOAH COOTBETCTBYIOT WOMOMKHTEILHEIM BHCOTAM, NDPEPHBHCTHE — OTPHIATEIBHBIM BrICOTaM, [lau-

HEIE HeTRIPEX HCTOUHHEOB, ofcyMIaeMBIX B TeKcTe, HeOoOXOOHMEIX Jas cocTaBichisd 9TOH KapTH, GLLIH OOLEe/|HHEHBI CTATHCTHUECKH.

3amMTPHXOBANELIT KPYr cilepa COOTBETCTBYeT NpRGIIMEHHOMY pasMepy daeMenta padpermedus. OcofeHHOCTH MeHBINe, weM Ipeelkl

PASPENIGiITA, MOTYT OHTE HeleHCTBHTENbHBIME. TaKkKe ¢ OCTOPORHOCTLIO CIEAYET OTHOCHTBCH K OJIEMEHTAM, COOTBETCTRYIOUIM H30IH-
HHUAM HAa KpasAX pazBeprok B ceBepHOll n wwnoil moayedepax




Puc. 3. Mopens nosepxsoctm Mapca, clelannas u3 Halbe-Malme Io AAHOLIM PHC. 2
Ora TpexMepHaa Mojedb ofecneumBaet GONBINYI0 HalISIHOCTH H3MEHEHHH HOBEpPX-
nocrd, B 3amrpuxoBamHON NInomagd HalJHJISHUA OTCYTCTBYIOT

MOCKOJBKY PalioHL HAOJHJeHH# NepeKphiBalOTCa OT Houu K moud. Tak Kan
mepeKphHITHe [0 [OJr0Te He SBIAeTCA IOIHBIM, He3aBHCHMO2 alcolioTHOe
CPaBHeHMe ¢ HABEMHBIMH DaJiNOIOKAIMOHHEIME JAHHBIMI He HDeJICTABIASTCH
BOBMOKHEIM. OHAKO aBTOPHI PAfMONOKATMOHHLIX HAOMIOJIeHWii He TPUBOIAT
cBefeHNit 00 M3MEPAeMOM OTHJIOHEHHH IEHTPA THMKECTH 0T IeoMeTpHYecKoro
neaTpa Mapca, mostoMy MBI BupaBe HCHOJAB30BATH PafHOIORAIHOHEBE JAHHES
B npeferax 0—21° N mpors! fua onpefenenns Beauuunn C B ypasenun (2),
IpH HOMOIIH KOTOPOro MOKHO GbLI0 OBl paccuynTaTh a6COTITHYI0 «CHEKTPOCKO-
NIYECKY!0» BBICOTY. B nToM cayuae BBICOTHI, ompefeleHHble N0 TOIOMEHIUID
CO., TOTHO HOPMHEPOBAHEL K PAJHOIOKAIHOHHEIM JaHAEIM.

Ha pme. 1 nsobpaskenst napmammm cofepsxanua CO: mag cpefHeir moBepx-
HocTeio B npefierax 0—21°N UIMPOTH B CPABHEHHH ¢ OPUIHMHANBHGIME JlaH-
HEIME PaJHOJOKAIHOHEEIX usmepennii [2, 3], ornocsmuxca K Toi e miomagm,

Harusie mo CO., monyuenusie «MapuHepoM-T», Tarse GLIM BOPMUPOBAHEL
K pajmomoxammonneiM namepennsam [2, 3]. ro oxaszanock noamokHEIM Gaaro-
Zaps ABYM DepeKpEITHaM moioc «Mapwmepa-6 m ~7» ¢ PajEOIOKAI[HOHHEIME
pasBepTKaMMH.

Pamrorokanmonssle jaHHEbE, DOXYIeHHEE I‘ou,z(creuﬂom u np. [4], noBoms-
HO YJOBJIeTBOPUTENLHO corjacylorea ¢ gaaamiMu [lerrenrmna u ap. [2] u Pop-
sepca u Ap. [3]; omEako Hebonplmag NOJOKATENbHAA KOPPEKIMA HOPAMIKA
0.7 kx mamEmx I'oagcreiima cymecTBeHHo ynquae'r JOTMONHUTEINBHO OTMEUEH-
HOE COrJIacoBaHue.

IMepey criasMBaEMeM ¢ MCIOML30BAHHEM ypasnemm (1) Bce mMelomMecs
B HAIleM PacClOPAMErHH Pe3yJbTATH OLIIH UPHBEEHH K PaAHOJOKAIHOHHOMY
HYJIeBOMY ypoBHIO. [laHHEIe Beex UeTelpex Ipynm ObLTH saTeM ofbeHHEHEH ¢
nomompio ypasuenus (1). Pesyaprar nokasan ma pre. 2. CrromusiMy nzomm-
HHAIMH H300paskeHsl BO3BHIIeHAA, HPEPRIBUCTHIME — Buagnesl. Hamboxee npu-
MOJHATEl YIACTKM IJaHeTH B npefenax Tharsis u Tempe —or 7 mo 12 nu.
HawuBonee omymennsiii yyacrox pacmonomes B Memnonia — okomo —6 .
Cymmapusiit mepenaj Belcor papHaerca 18 wm m cooTBercTRyer waMeHeHHIO
gapiaenus uaeToi CO: ot ~2 m6 go ~ 10 x6.
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Ha prc. 3 moxasana MOAeAL TOROPXHOCTH, MEroTOBIEHEAS U3 Dalbe-MAalne,
mo faHHE puc. 2. Ilepemapm BEICOT Ra aroif TPeXMepHOE mMimems Goaee
HAINAAHEL. _ :

Hpencrasnner murepec CPABHCHEE KAPTH ¢ TOUKAMH KACAHAS CHTHAIOB
¢ «Mapuuepos». Uz mecrr Touex ¢ «Maprsepos -4, -6 m -7» Toabko oxEa THo-
TNAET HOHOCDeNCTBCHHO B UpeNenkl KAPTH. JT0 TOUKa BXOfa B PANUOTOHD
«Mapumepa-6» ¢ xoopjmmaramu 3.7° N; 4.3°W; gasmeEme » »Tofi ToTHe
9.5 0.5 x6 [10]. Ono coorsercrayer BRICOTHOMY mETepBaury O -+ 1 xx; ma
KApTe TOIKA PACHONOMOHA Meday maommeEmama O 7 1 zax. Yaursipas, aro Me-
TOL, KacaTOJBLHEIX TOYEK OCHOBEIBAGYCH HA TQHTeHUHANLEOM KACAHMH IGIAHEe-
TAPHOTO JAMOA, COBNALOANS CHEAYET CUMTATE BECEMA YHEOBICTEOPHTRALALINM,

Heranvustin agaams CHAOHOB, KOPPeNALEA BEICOT H KPYTH3HE CRJIOHOB ¢
aneGeo MOBEPXHOCTH W JIAHEbIe FapMOHMYECKOTO AHANH3a 6YAYT omyGImEo-
BaHbl noyiee. MoHO, OXHAKO, NPHHTE K BAKIIOYEHRIO, UTO, D0-BHEEMOMY,
HE CYINECTRYCT CBAJH MOMy BLICOTAME M KPYTH3HOH CKIOHOB, ¢ OIHOE CTOpO-
Hal, ¥ aublefo nopepxHOCTH — ¢ ApyTodl. MakcmManpELIL yrior (Oo peelt Be-
POATHOCTH, NOpsijika 3°) XapakTepPeH ANa BOCTOTHOH 4acTu Syrtis Major n
okolio 1° s 10ro-samagEOro CRIOMa BosBHMemHOct:w Tharsis ¥ BOCTOMHOI
uacrm Hellas — Hellespontus. Haumume KPYUHEIX OJ0KOR B Gacceiikop Ha
Mapce, no-supumMoMy, o6a3aH0 sBoIOIUE BHYTPOHEHX TacTeit nianers. Barecte
co- cenaHunMu ¢Mapwaepamuy QororpadiaME BamoNHOHHON MHOMKECTBOM
KPATepOB HOBEPXZOCTH HTOT (PAKT CBUNOTOTBCIBYOT 0 TOM, a0 Mapc msifercs
rE6panpo MIageTCH MeRTy SeMiei H JIymoit B reodmsmyeckoM cMBIcAe aBo-
JOMHOHEEX OPOHecCos, -

Asrop Grarogapar M. [ax C. Benroma & [, M. Xamrera 3a DpefocTaBIeH-
HYI0 BOSMOSKHOCIS HCIONIB30BATH HX OGOPY/IOBAHAG W 34, YyUaCTHE B OKOHYA-

ToibHOR 06paborre mamepernit CO; ¢ 3emmm; I'. X. Ierrerruaa u A. E. B, Pop- .

Kepac 38 IpPeAOCTAB/EHRYI0 HeoNy(.uUKoBAHHYI0 MRPOPMANNI0 DPaAHOIOKALHE-
OHEEIX m3MepeHmi 1967 m 1969 rr., P. M. Toaacreiin 3a PALHOIOKATTHOHHEIO
gagase 1969 r.; K. C. Xepp w I. C. Ilnaxenren 3a coriacue MO0 B30BATH
Aommble Hkc «MapuBepos-6 u 7» u C. A. Bapr u C. Y. Xopy 8a Honoubsosan-
aste Y@-cuexrpu «Mapunepos-6 u 7». Abrop ramme Gxarogapar B, Bruesa
33 IOMOLUB NPH NEePEBONe CTATHA HA DYCCKEH A3KIK,

“JlafopaTopns KocMAgecKBX HCCIeqOBAHEH . [locrynuna & pepakmer
HKaumdopuuiicknii yemxeepcirer ! mawan 1871 r,
Depkan, I_{aé'lllltlt{mpnm 94720
A

. - Jlmreparypa i

i T H Karrepdeasn, Hss. Beecompszn. reor;i. o8, 9, 272, 1959; D. G. Kea, Na-
ture, 200, 114, 1963; 201, 1014, 1964; R. A. Wells, Nature, 207, 735, 1865, 209, 1338,
1568; C. W. TomDbaugh, Nature, 209, 1338, 1966: 8. M1{ yamoto, Icarus, 5 380,
1966; A. Dauvillier, Ciel et Terre, 83, 384, 1967; E. J. O pik, Science, 155, 355,
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Mars: Are Observed White Clouds
composed of H,O?

MarTiaN clouds have been classified® into Type I, which are
visible at short optical wavelengths, and become pradually
invisible as the wavelength increases; and Type 1}, which are
visible at long wavelengths, and fade into invisibility when the
wavelength decreases, The three principal kinds of observed
Martian clouds—yellow, white, and blue—can be categorized
as Typel, blue; and Type II, yellow and white. This distinc-
tion is essential. Yellow and white clouds are classified
together because they are visible in the same wavelength range;
yellow clouds are dust clouds and will not be described
here,

The composition of white and blue clouds is uncertain,
although their physical distinction has been evident for some
time? (Fig. 1). The positive polarization branch for blue
clouds between phase angles 0° and 20° implies that they are
made up of much smaller particles than white clouds, whose
polarization over the same phase angle range is negative, This
property explains the separate spectral categorization: smaller
particles 'scatter shorter wavelengths more efficiently than
larger particles, I have revised my lists of white cloud occurren-
ces that have been observed on Mars for the past century® by
measuring the areographic coordinates of the clouds listed in
Table I1b of ref. 3 on photographic plates of Mars, and examin-
ing the instances of clouds which have been measured polari-
metrically. =
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Fig. 1 ---, Polarization of Martian biue clouds; , polar-

ization of Martian white clouds according to Dollfus®. Com-
. pare the branches between phase angles 0° and 20°,

-The value of polarization as a function of phase angle pro-

vides a nearly unambiguous means of distinguishing between »

white, blue, or yellow clouds, thin atmospheric veils, and surface
frost deposits. Yellow and white ¢clouds and sutface frost have
similar appearances on black and white photographic plates,
and in the absence of polarization data supplementary infor-
mation must be used to help distinguish the type of pheno-
menon, For example, does the phenomenon occur on the

limb of the planet; what is the planctocentric location of the
occurrence; the season of the Martian year; and the telescopic
colour appearance of the phenomenon (if available) at the time
the photograph was made, compared with the brightness of
the polar cap ?

More complete details of Martian clouds and their detection,
including the new lists, will be published later.

The revised list of white clouds contains 252 occurrences
which are divided as follows: telescopic reports in the litera-
tere in which colour distinction and identification as a cloud
rely solely on the original observer (1858-1941), 27%;
photographic plates in which 1 made identifications according
to the guidelines established previously (1937-1963), 40%; and
identification by polarimetric methods {(1954-1971), 33%. The
percentage categories are listed according to increasing accu-
racy of identification as white clouds. In those instances where
the years of observation overlap the different methods, some
clouds were identified by more than one method. This provided
a valuable crosscheck on the reliability of the less accurate
means of identification.

1 previously made a comparison® between the latitudinal dis-
tribution of white cloud occurrences on Mars and the early water
vapour data of Schorn er al.’>. In the region of the Martian
orbit where their spectra overlapped the cloud distributions, the
frequency of white clouds in the northern hemisphere was between
three and four times larger than in the southern hemisphere.
At the same time, water vapour was more prevalent in the
northern hemisphere, indicating that Martian white clouds
could be composed of water. But the spectral H,O data were
not very extensive in seasonal coverage so that agreement
between white cloud frequencies and the abundance of water
vapour could have been fortuitous. Since then, Barker er al.®
have summarized all available H,0 data up to 1969 in the form
of a scasonal coverage chart. These data have been revised
and extended to 1971 by Tull®.

I have made a direct comparison of these data with observed
white cloud frequencies (Fig. 2) by plotting H,Q abundances
and white cloud frequencies against L, the planetocentric
longitude of the Sun (the heliocentric arbital longitude of Mars,
1], and the planetocentric longitude of the Sun are approxim-
ately related by 1= L;+85°). The 252 clouds were counted in
18° intervals of heliocentric Jongitude, and the points of the
frequency polygon were plotted on the interval mid-points in
terms of L,. On the right ordinate, the relative cloud frequency
scale has been adjusted by prior sliding of overlay plots so that
the variations in cloud frequency and H.O vapour can be seen
to best advantage.

The top diagram shows the cloud frequencies compared with
the original H;0 measurements. The filled circles in the range
280° < L, < 360" are recent observations’ from the 1971 Mars
apparition. Those points enclosed within the dashed-line
envelope represent measurements made between October 1971
and Japuary 1972 during the maximum activity of the yellow
dust storm which enveloped the planet during this period.
These observations reflect only the H,O vapour above the
yellow clouds”. Observations of global CO, pressures® and.
the Mariner 9 photography® during the same period indicate
that the tops of the yellow clouds ace at an altitude of either
10 km or 40 km depending on whether a single- or multiple-
scatteging layer model is used.
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Fig. 2 Global white cloud frequency distri-

bution based on 252 occurrences around the
Martiar orbit compared with the observed
abundance of water vapour as a function of
season on Mars. In the upper diagram,
vertical arrows point downwirds from upper
limits, Schorn er afl.®: x, @, Schorn et al.*;
1, Owen'®; +, (B, Tull*®; O, Kaplan er
al*®;, O, Barker ¢r al.%; @, Tull and Bar-
ker’. In the middle diagram, the cloud

Microns precipitable Hy0

Relative cloud frequency (%)

frequency (@-—@)is compared with a 3-point
running average of the H,0 data (O -~ - O)
in the uppér diagram, omitting the points
enciosed by the dashed envelope. The lower
diagram shows the polar caps diminishing
with season as determined by Antoniadi'®.

Cap diameter (degrec)

A i L L ] 1

The other five points between about L,=350°-360° refer to
observations made towards the end of February and the
beginning of March 1972 after the dust storm had subsided.

The middle diagram shows the distribution of cloud frequen-
cles compared with a five-point running average of the H,O
data points in the upper diagram. The ten points enclosed by
the envelope in the top diagram were omitted from this averag-
ing process because of the influence of the dust storm.

Table 1 Rank Correlations and Significance Levals for Figs. 2 and 3

Signifi- Normal Spear- Calc. Null
cance z man’s No. - s, z hypothesis
level  deviate R ranks deviate rejected
0.200 0.67
0.100 1.65

0.74 20 0,229 323 Yes
0.050 1.56
. 0.56 7 0.408 1.37 No
0.020 2.3

0.94 6 0.447 2,10 Yes
0.010 2,58
{.001 3.29

A peak in cloud frequency of 9.5% at L,=211° appears to be
out-of place. It would have been desirable to have had more
H,0 data between L, = 150°-230°, but it is clear that the varia-
tions in cloud frequencics are correlated with those of the H,O
abundances. For if intervals of cloud [requency are ranked by
increasing frequency with the corresponding increases in H,O
abupdances, Spearman's rank correlation gives R=0.74.

An exact test for the level of significance of the rank correla-
tion coefticient is laborious since there are 20 ranks; however,

- if the standard error of R is approximated by (n—1)-12=0.229
for the # ranks, then the normal z deviate is 0.74/0.229 = 3.23.
The significance test rejects the null hypothesis because at the
12/ level z=2.58 and at the 0.19 Jevel :=3.29 (Table ). I
therefore conclude that the correlation between white cloud
frequencies and H;O abundances is significant,

The bottom diagram of Iig. 2 shows the decreasing size of
the Martian north and south polar caps witli scason'®. Clearly
moare H:0 and white clouds occur in the atmosphere when the
polarcapsizeisata minimum, ! isknown trom observation®!*?
and theory ¥ 1 that the Martian polar caps are primarily frozen

N i i 1 '
%0 T 350 WY 360

L, (degree}

CO., although theory admits a two-layer model composed of
both frozen CO; and H,0 ice. Also, recent measurements**
from Mariner 9 have indicated the presence of H,O vapour
over the south polar area. ‘

It is interesting to compare H,Q abundances with those of
whiie clouds as a function of latitude on Mars, Tull'® has
published H,O abundances distributed by latitude and meas-
ured on 2 days separated by a month in March and April 1965,
During this period, Mars ranged from about 3218° to 231°
heliocentric longitude. Two 18° intervals contain a statistically
significant cloud count corresponding closely to these dates,
7216° to 233° and n234° to 251°.

In these intervals 43 clouds occurred and are divided as
follows: telescopic reports in classical literature, 12%; identi-
fication by photographs, 39%; and identification by polar-
ization, 49%,. Clouds were counted in 10° latitude intervals

(Fig. 3).
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Fig. 3 ®-—@®, White cloud frequencies distributed by latitude

for the portion of the Martian orbit ‘belween 1216°-231°

compared with the H,Q abuniances deterniined by Tull'®, In

the upper diagram, observations for March 27 are denoted by

@ and for Aprit 28 by O. In the lower diagram, the cloud

frequency (@@} is compared with a S-point running average
{5 - = - O of the H;0 duta in the upper diagram.
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The filled circles in the upper disgrum are Tull's H.O
abundances for March 27, the open circles for April 28, In the
lower dingram a 3-point running average has been applied to
the H,0 data. Over lhe portion of the diagramy from about
—30° S to abowt 25° N, the correspondence between the cloud
frequencies and H,O abundances is quite good.

In the lower diagram, there are 7 frequencies between —25° S
and 35° N which have maiching H,0O data. But for these 7
ranks Spcarman's correlation cocfficient is only 0,56. For less
than 10 ranks u significance test may not be valid; however, line
2 of Table 1 gives the standard error and calcu]atcd dcvmtc
The catenlated value, 1.37, does not exceed that expected for the
109 significance level;, therefore, the null hypothesis caniot
be adequately rejected, On the other hand, if only the 6
points between + 25° latilude are ranked with the correspond-
ing waler vapour data, R'=0.94. 1In that case the calculated z
deviate, 2.1, exceeds the 527 Jevel and is close to the 29, level;
hence, this correlation is probably significant (Table !}.

b is not necessarily the case that observed cloud frequencies
will always follow H,O abundances. In Fig. 2, for example,
the trends are averaged over an cntire Martian year; in Fig. 3,
the trend is a momh!y average. Many atmospheric condmons
will affect the rates of condensation and/or sublimation and thus
cloud formation. In particulac; the severe drop in cloud fre-
quency between latitudes 35° and 45° N poses an interesting
problem. Tt suggests that perhaps some atmospheric process
is suppressing cloud formation, other factors being equal.
But an equally vexing problem is posed by the apparent rise in
cloud frequency in the opposite hemisphere at —35° § latitude,
if indeed this is real. .Over this range of the Martian orbit,
the northern hemisphere is experiencing sumimer, while the
southern hemisphere is in winter. This fact may affect the
vertical t&mperdture profiles and hence the H,0 condensatlon
rates which could explzin the cloud frequency peak in the one
hemisphere and the minimum in the other, -

Although Martian white cloud frequencies tend to follow the
distribution of 'H,O both seasonally and latitudinally on the
planet, which strongly suggests that most white clouds are
formed from water vapour, cvrdencc for the composition of
the blue clouds is stilt lacking.

Polarization data (Fig. 1} indicated that blue clouds are com-
posed of much smaller particles than white clouds, This dis-
tinction implics cither a different composition for blue clouds
or a different physical environment in which they form, or
both, The observation by Herr and Pimentel!” of solid CO,

crystals above the planetary limb during the flights of Mariners .

6 ardd 7 and the meteorological analysis of this observation by
Hess® indicate the possibility of two layers of condensation on
Mars. Hess'® pointed out that if CO, condensation takes
place in the upper atmosphere of Mars, then H,0 condensation
at lower levels is almost a cértainty, So it is possible therefore
that Martian blue clouds are composed of CO, ice,

I thank R. G. Tull for an advanced copy of the Martian H,0O
observations conducted at MacDonald Observatory and the
seasonal coverage chart, and A. Dollfus for permitting examin-
ation of the detailed collection of polarization measurements
and the photographic plates at the IAY Mars Data Centre,
Obscrvatoire de Paris,
supported by a NASA grant,
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R. A. WELLS

Space Sciences Laboratory,
University of California,
Berkeley, California 94720, USA

Martian, Lunar, and Terrestrial
Crusts: A 3-Dimensional Exercise
in Comparative Geophysics

Five years ago Runcorn (1967) wrote that *. . . the possibility of convection makes
a careful study of planetary surfaces for indications (however different from those
of the Earth’s surface) of internal activity, volcanic or tectonic, even of the most
feeble kind, of great scientific significance.”

Although covering only about 10% of the Martian surface, the photographs
returned by Mariners 4, 6, and 7 revealed little in the way of internal crustal activity.
Some tectonic evidence in the form of parallel lineaments and polygonal crater walls
was all that could be gleaned from these photographs pertaining to internal mecha-
nisms at work on Mars.

However, this situation changed dramatically even with the first few photographs
of the surface taken by Mariner 9 after the planet-wide dust storm cleared in mid-
January 1972. These photographs revealed indisputable calderas with all of the
terrestrial morphology present: tising shields surmounted by lava channels, the
primary caldera with smaller subsidiary craters in their floors, stepped benches on
the inside of crater walls, and both arcuate and radial fault patterns surrounding
each province. Later photos showed widespread. lava flows, sinuous lunar-like
rilles, large-scale fractures, and massive faulting and slumping. In one case in parti-
cular, a rift zoné was discovered near the Martian equator extending 3000 km in a
. nearly east-west direction with widths approaching 100 km. The depth of the main

- fracture varied from 2 to 7 km along this fength, 5000 km on Mars is approximately
80° of longitude, nearly a quarter of the distance around the circumference. Thus,
the feature is even more imposing than the Fast African Rift System.

In a large proportion of photographs, many features were clearly controlled by a
tectonic grid pattern indicating orthogonal sub-surface prestressing prior to the
eventual surface expression. (See McCauley et al. (1972) for photo geology.)

The major geological feature on Mars can be summarized with one word—
volcanism. Although this revelation does not necessarily imply that convective
processes have operated in the Martian mantle, it nevertheless points to far more
crustal activity than had been supposed.

Prior to these later discoveries, the author (Wells, 1969a, b, 1971) put forward the
hypothesis of continental drift and sea-floor spreading to account for presumed
continental-type blocks and basin structures on Mars. This hypothesis gained support
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when actual blocks and basins were eventually mapped (Wells, 1969¢, 1971, 1972)
on a scale whose areal extent matched the blocks and basing of the Earth. The Martian
features were revealed in a contour map (Wells, 1972) prepared from the combination
of Earth-based radar ranging data, Earth-based CO, pressure measurements over
resolved Martian areas, and the Mariner 6 and 7 IRS and UV pressure determinations
along limited tracks on the Martian surface.
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FIGURE 2 Perspcctive views of the Earth, Mars, and the Moon drawn by computer from the same
5° grid arrays used to construct the contour maps shown in Fig. 1. Views are looking towards the
SE from a point inclined 20" to the horizontal. The vertical scale has been exaggerated twice and is the
same for each body to permit direct comparisons. However, the blocks seen on Mars at 80°, 20° §;
150°, 45° N; and 245°, 40° N are artifacts produced by the lack of reliable dara at the map edges in
these areas. For Mars and the Moon, the fat, stippled areas denote unobserved regions and are set
at the zero level; hence, slopes bordering their edges arc fictitious,

FiGure | Contour maps of the Earth, Mars, and the Moon. The zero level refers:to the mean radius
of each body. For the Earth, the I° grid data of Lee & Kaula (1967) were processed onto a 5° grid and
each data point smoothed to a resolution of 1000 km so that the scale of the contour map would be
the same as for Mars. The lunar contour map was prepared from the A.C.1.C. {(Meyer & Rufin,
1965) sclenodetic contral measurements in the same manner. The 1000 km resolution is denoted by
the cross-haiched circle at the eft of cach map. The computer contour program is based on lincar
mterpolation between adjacent grid points.
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The data from this contour map have been plotted by a2 computer in the form of a
three-dimensional perspective view. Similarly, the total Earth topography {Lee &
Kaula, 1967) and the selenodstic altitude measurements of the Junar front-face
(Meyer & Ruffin, 1965) were processed by the same equations to the same scale
used for the preparation of the Martian contour map.

Figure 1 compares the contour maps of the Earth, Mars, and the Moon prepared
in this fashion. South is placed at the top to conform with the Astronomical con-
vention of depicting maps of the Moon and planets. The cross-hatched circle on the
left of each contour map represents the resolution (1000 km) of each data point in
the 5° grid of values contoured by the computer. This resolution is set by the best
available for the Martian contour map. The zero level in each case refers to the mean
radius of the body concerned.

Figures 2 and 3 show the comparison of the large-scale features in perspective
for the three bodies. Vertical scales are the same for each of the three views to permit

FIGURe 3 Perspective views of Earth, Mars, and the Moon rotated 90° with respect to Fig. 2. The
views are looking towards the SW from an elevation angle of 20°,
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Ficure 4 A comparison of the hypsometric curves of the Earth, Mars, and the Moon prepared by
tracing the contours of Fig. I on an equal area projection. The abscissa denotes the areal frequency
and the ordinate the altirude of the surface. The fractional areas mapped for each body are listed with
the symbol definitions in the inset. Zero altitude refers to the mean radius of the body concerned.

a direct comparison of the sizes of the features seen. Grid intervals are 5° in both
latitude and longitude for each case,

It is evident that the blocks and basins on Mars are more nearly comparable with
those on the Earth than with those on the lunar crust which reveals only gradual
undulations. The range of heights for the Earth is I1 km; for Mars 18 km; and for
the Moon 3 km.

Hypsometric analyses of the three contour maps drawn on an equal area pro-
jection are given in Fig. 4. An interpretation of the nature of the peaks in areal
frequency as a function of altitude in terms of isostatic mechanisms cannot be made
without supplementary information regarding the density, temperature, and composi-
tional distributions within the bodies. However, a bi-modal distribution does imply
a change in slope from the highest features to the low points of basins; whereas a
unimodal distribution signifies a constant slope from the tops of the highest areas
to the bottoms of the lowest regions. Thus, Fig. 4 also implies that the Martian
crust is, at least geometrically, more like the Earth than the Moon.

The presence of large-scale blocks and basins on Mars, and the recently detected
widespread volcanism, extensive faulling and rifting of the Martian crust do not,
of course, guaraniee a ‘continental drift and sca-floor spreading’ theory for Mars,
which may be even more difficult to firmly establish than it has been in the terrestrial

cn, (1) 16
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case; but they at least strongly suggest that Mars has at some time in its history
undergone formative processes similar to those of the Earth.

Within the next few years, the study of the Martian crust and the development of a
Martian geophysics will undoubtedly provide valuable information of interest to
the terrestrial environmental sciences.

A more complete discussion of Martian geophysics, including current spacecraft
results integrated with past Earth-based observations, can be found in Wells (1973).

Supported by NASA grant NGR 05-003-431.
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Text In the past twenty years, published investigationg concerning

the planet Mars have steadily increased. Through the successes
of a number of American and Soviet space probes, kﬂowledge of
the Martian surface and atmosphere has been brought into sharper
focus than ever before. Thié text deals with the basic Farth-
based research conducted during this period with references to
classical problems and integrates these results with thosg
obtained from spacecraft observation.

The following topics are among many discussed: The Chemical

Composigign and thsiéal-Prqggrtiggwgf the_Atmosphere presents
a summary of spectroscopic ihvestigations;,deals with the chief
opticalljnfluence of the atmosphere which is characterized by
Mie suspensions of fine dust particlés; and presents statistics
of principal cloud occurrences (yellow-dust particles and white
Hy0 crystals).

The Nature of the Surface discusses the geochemical compositional

inferences from visible and near-infrared reflection spectra;
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presents the‘morphology of the polar caps and surface from
Mariners 4, 6 and 7 near-encounter photos and a large selection
of the most intriguing of the Mariner 9 photos;‘and shows the
cléssical problem of the so-called "oases and canal" éystem
resolved into low albedo floored craters, low albedo collared
volcanic calderas, and chains of large-diameter craters and low

albedo terrain alignments.

The Topqg;aphvgggg,Gquhys;cs of Mars. The topography of the
surface is treated at lengtﬁ and contour maps of surface
elevations are given with respect to a sphere, the solid-surface
triaxial ellipsoid figures, and the dynamic ellipsoid or
"areoid". Also discussed are observations of the Martian

gravity field_calculated from perturbations'on the orbits of
Mariner 9; the non—hydrostatic‘figure of Mars which is shown from
Mariner 9 occulation measurements to be real and to agree
essenfiaily with the Earth-based optically determined flattening
of the planet: gravity anomalies and areal frequency distri-
butionslbf surface elevations which show that Mars possesses
blocks and basins similar to the terrestrial continents and
ocean basins; and, finally, the relationship befween the gravity
field and stresses in the crust caiculated and related £o
convextion in the mantle and its implications of possible
continental drift on the surface.

Each chapter contains an extensive biblioéraphy. The text is

profusely illustrated and contains fold-out charts of the
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airbrush renditions of the Mariner 9 photomosaic coverage of

the whole planet,
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Audience Graduate students in physical sciences: aétronbmy, planetary

astronomy, geology, geophysics and metéorology.






